Résumé. 2014 Abstract. 2014 The correlation functions and structure factor of microemulsions are calculated from a statistical thermodynamic approach which has been previously used to obtain the equilibrium phase diagrams. The structure factor, S (q ), has a peak at a wavevector qmax ~ 03C0/03BE where 03BE is the domain size of the oil and water regions. The physical origin of this peak are the correlations induced by the presence of the curvature energy of the surfactant film ; the renormalization of the bending modulus by thermal fluctuations plays an important role in stabilizing these fluctuations. Real space representations of these correlations show that there is significant strength in S(q) from several different wavevectors.
Correlations and structure factor of bicontinuous microemulsions S. T. Milner (1), S. A. Safran (1) , D. Andelman (1,*), M. E. Cates (2,**) and D. Roux (3) ( corrélations introduites par l'énergie de courbure du film tensioactif ; la renormalisation du module de courbure par les fluctuations thermiques joue un rôle important dans la stabilité de ces fluctuations. En représentant ces corrélations dans l'espace réel, on montre qu'il y a plusieurs types de corrélations, de vecteurs q différents, qui contribuent de manière importante à S(q).
Abstract. 2014 The correlation functions and structure factor of microemulsions are calculated from a statistical thermodynamic approach which has been previously used to obtain the equilibrium phase diagrams. The structure factor, S (q ), has a peak at a wavevector qmax ~ 03C0/03BE where 03BE is the domain size of the oil and water regions. The physical origin of this peak are the correlations induced by the presence of the curvature energy of the surfactant film ; the renormalization of the bending modulus by thermal fluctuations plays an important role in stabilizing these fluctuations. Real space representations of these correlations show that there is significant strength in S(q) from several different wavevectors.
J. Phys. France 49 (1988) [1] . Some systems form globular domains [2] while others are composed of bicontinuous [3] regions of water and oil with no particular globular structure. These changes in structure (and associated properties such as phase behaviour, interfacial tensions, diffusivity, etc.) can be affected by changing the surfactant, temperature or salinity, or adding cosurfactant. Theoretically, the evolution of the microemulsion structure from globules of water in oil, to a bicontinuous structure, to globules of oil in water, can be understood in terms of a change in the spontaneous radius of curvature of the surfactant film [4] [5] [6] [7] [8] . The bicontinuous structure occurs when the volume fractions of water and oil are comparable, and the surfactant interface is chemically balanced so that there is no spontaneous curvature towards either the oil or the water.
The theoretical understanding of the bicontinuous phase has focused on the multi-phase equilibria observed experimentally, and on the transition between the isotropic microemulsion and on ordered lamellar phase [4, 6, 9, 10, 11] . In these treatments, the structure of the microemulsion is considered at the level of random mixing of the water and oil domains (often represented on a coarse-grained lattice) with no correlations between the regions. Other approaches [12] [13] [14] [15] [16] [17] [18] [19] [20] . Globular microemulsions have been extensively studied in the past [2] ; scattering from such systems can often be interpreted in terms of interacting hard sphere models, although some nonspherical systems may also exist [21] [22] [23] . The structural studies of bicontinuous microemulsions have consisted of light, neutron, and X-ray scattering as well as freeze-fracture microscopy [24] . The scattering structure factor of the bicontinuous systems (or, more specifically, middle-phase microemulsions which coexist with both oil and water) show the following features for a wide variety of systems [16] [17] [18] [19] [20] [26] , which fail to predict a peak in the scattering due to the lack of correlations in the model ; (ii) geometrical theories for the structure factor which rely on either an assumed form for the scattering [17, 18] or a highly constrained microstructure [19] . Although they fit the experimental data reasonably well, these latter calculations have no thermodynamic origin ; the q -+ 0 limit of these theories does not originate from a free energy which is capable of predicting the equilibrium phase diagram. In contrast, the present work extends our treatment [7, 8] Fig. 1 ) and includes the multi-phase region as well as the transition to the lamellar phase. This model is distinct from those of references [4, 6] in its treatment of the thermal fluctuations of the surfactant interface via a length scale dependent bending constant [28] [29] [30] . Following references [7, 8] [4] where « is a constant of order unity whose value is discussed below. For length scales ) = K, the effective bending modulus is of order T. At large values of 0,, 6 "c 6 K and K (6 ) &#x3E;&#x3E; T ; the lamellar phase is stable. At small values of 0,, a multiphase region occurs due to the presence of an inflection point in the free energy for values of 0, corresponding to 6 of order K in equation (1) [8] .
In the present work, we extend this model to study correlations in the microemulsion. As before, we consider an incompressible surfactant film bounding the internal water/oil regions, which are arranged on a lattice of size § . This condition which conserves the total amount of surfactant can be written for an arbitrary configuration of water and oil domains :
where si = 0,1 indicates that cell i is filled with oil or water respectively. The tensor Ji j equals one for nearest neighbour cells i and j, and is zero otherwise. In the random mixing approximation, this reduces to the relation (1) between rm and .0, stated above.
We note that in equation (2), the sums on i and j run over the N cells of the lattice. However, for fixed total volume V, N = V/3 . Thus, N depends on the configurations via equation (2). This has no effect on equation (2) [28] [29] [30] , while C is a parameter introduced here which accounts for the energy of the diagonal configurations shown in figures 2c and 2d. The random mixing approximation used in references [6] [7] [8] [9] [10] [31] and minimize the thermodynamic potential with respect to the set of parameters {'Y i }. An The results of this procedure are now described. The free energy per site f of equations (3) and (8) is found using the statistical weight of equation (6) : In the random mixing approximation [7, 8] , the free energy is For the general case of equation (9) {mi} are the expectation values of the occupancies {Si} and are given by
In equation (9), Hb ( {mi} ) is obtained from equation (6) by setting si -mi. As noted above, f is independent of N in the limit of large N ; the dependence of N on § and hence on the { mi } enters only via equation (3) . We minimize G of equation (2) with respect to the {mi}, which is equivalent to minimizing with respect to the {yi}. In the absence of the inhomogeneous fields, mi = (Si) = 0, and equation (9) reduces to a random mixing approximation. In the presence of the {hi}, we find with = ( {mi} ) given by
The form of K() has been discussed in references [28] [29] [30] . In the absence of more definitive calculations, we use the perturbation theory form :
where a is a microscopic length, Ko is the bare bending constant and the value of a is discussed below. Differentiating equation (10) with respect to the fields [32] as in equation (5) and setting the {hi} = 0, we find an equation for the correlation function, X i j :
The structure factor is the Fourier transform of the correlation function Xij, which is determined by equations (9) , (11), (13) The quantities E and 5 are functions of C, the bending constant K ( ) (with 6 given by equation (1) (1T I g, 0, 0 Fig. 3 ). The region of parameters C and K/ T over which S(q ) is finite and positive (i.e., the region of linear stability) is shown in figure  4 (for a = 0, or no bending constant renormalization) and figure 5 (with « = 3, a value chosen to enhance the effect of the renormalization). figure 3b ; however, the (110) case has ferromagnetic ordering in the third direction, while the (111) [7r)/r log (2)/(1 + C/4) for 0 = 1/2], the free energy per unit volume can be made more negative by correlations which decrease g and increase the number of cells. A q = 0 correlation does precisely this ; as larger regions of pure oil and pure water appear, the surfactant must be taken up by increasingly small droplets (single cells) of the opposite phase.
These increasingly numerous droplets have a great deal of configurational entropy ; they also have bending energy of 87T K per drop, but as K -+ 0 this becomes negligible. This q = 0 instability, then, remains a plausible description of the physical situation even as the amplitude of the q = 0 correlations becomes large, in contrast to the antiferromagnetic correlations that were found for larger K. We may therefore interpret the q = 0 instability boundary qualitatively as a spinodal line, which represents the limit of stability of the microemulsion to macroscopic phase separation within our model, and is related to the two-and three-phase equilibria for small 0, shown in figure 1. 3.1.3 First-order phase boundaries. -In order to better estimate the physical range of parameters for describing microemulsions, we superimpose on our S (q ) stability plots, estimates of the first-order phase boundaries between the microemulsion and the lamellar and dilute droplet phases (see Figs. 4, 5 ).
These estimates result from a calculation of the region in K and C where the free energy F of the microemulsion, when plotted as a function of c f & # x 3 E ; and 0,, has positive curvature and is negative. At c f & # x 3 E ; = 1/2, the microemulsion is unstable (F has negative curvature) for small values of 0, ; this instability corresponds to the phase separations shown in figure 1 and discussed in reference [8] . (Fig. 4) , very little remains of the stable region of S (q ), except for unphysically small C (to the left of the solid line in the figure). References [7, 8] assumed C = 4 for convenience ; C 2 may be interpreted as actually favoring the double bends shown in figure 2 over (a pair of) single bends. The absence of a region in which S (q ) is linearly stable is consistent with the absence of phase stability for our model without bending constant renormalization (« = 0 ). Previous work [7, 8] found that the microemulsion is only stabilized with respect to the lamellar phase if one introduces a length-dependent bending constant K( ) (Eq. (12)). The bending constant must be sufficiently reduced at larger length scales that the nearly random microemulsion may gain configurational entropy over a lamellar phase, without paying too high a price in bending energy.
With bending constant renormalization ( a &#x3E; 0 ), S(q ) is found to be stable in a larger and more reasonable region of parameter space (between the solid lines in Fig. 5 ). Within this region lies a band of parameter values for which the microemulsion is calculated, as described above, to be more stable than the competing lamellar and droplet phases. The various stability and phase boundaries are shown in figure 5 for the case « = 3, cf&#x3E; = 1/2. We may now proceed to characterize the correlations present in our calculated S(q). We shall discuss in turn (1) the significance of the direction in q-space of the maximum, and the limitations of the lattice model ; (2) the peak position after angular averaging, and the dependence of S (q ) on the model parameters C, K( ), and 0 ; and (3) figure 8 where it is shown alongside an experimental micrograph [24] . Note very strong (which makes our calculation self-consistent) ; typically, only about 10 per cent of the oilwater spins must flip from the random configuration to converge to the model S (q ), as shown in figure 9 ; (ii) the number of double bends in the system is reduced by around 10 per cent (for C ~ 3) as a result of the correlations, and the lattice size § is only very slightly increased (by under one per cent) ; (iii) the generated configurations do not look lamellar ; it is not necessary, and is incorrect within the present model, to assume the ordering within a bicontinuous microemulsion, responsible for the peak in S(q), is simply local lamellar ordering ; (iv) finally, it does not seem too fanciful to suggest that the generated pictures stand comparison with real-space images of microemulsions as obtained in freeze-fracture experiments (Fig. 8) . 4 
